, has been developed for the treatment of the so-called "insulin resistance syndrome". In obese, insulin-resistant ageing Sprague-Dawley rats, chronic treatment with S15261 (0.5-2.5 mg. kg -1 9 day -1 twice per day, for 14 days) resulted in dose-dependent decreases in plasma insulin (43 %), and triglyceride levels (36 %), and in an increase of the glucose disposal rate during an intravenous glucose tolerance test (IVGTT) (48.5 %). An increase in peripheral insulin sensitivity produced by $15261 was revealed by the glucose clamp technique. Thus, the glucose infusion rate was increased by 20 % whilst steady-state insulin levels decreased by 15 %. At the higher doses $15261 led to a decrease in body weight (3 %), plasma glucose (13 %) and blood pressure (8 mmHg) in mildly hypertensive animals. At the doses used to achieve these results, the compound has no hypoglycaemic activity in normoglycaemic animals. Acute administration of S15261 directly into the portal vein provoked a marked increase in glucose disappearance rate during an intravenous glucose tolerance test (60 %) and also in the pancreatic response to the glucose challenge. Thus, acute administration of the compound has a direct effect on glucose metabolism. These data suggest that S15261 could be a useful agent for the treatment of the insulin resistance syndrome. [Diabetologia (1994) 37: 969-975] Key words $15261, insulin resistance, ageing, syndrome X.
population there is a significant percentage of individuals (as high as 20 %) who are insulin resistant and exhibit the same profile of risk factors as obese or diabetic patients. In the last few years, this collection of cardiovascular risk factors has been given a variety of names, including syndrome X, insulin resistance syndrome, atherothrombogenic syndrome, or metabolic cardiovascular syndrome.
Drugs to treat some of the features of the insulin resistance syndrome do exist, for example, lipid lowering agents or antihypertensive drugs. However, their effect on insulin resistance itself are varied. Whilst lipid lowering agents have little or no effect on glucose tolerance, antihypertensive agents can either improve it (e. g. the ACE inhibitors [5] ) or decrease it (e.g. thiazide diuretics [6] ). No drugs are currently being marketed for the treatment of insulin resistance and indeed very few agents are being clinically studied for this condition. Whilst biguanides do improve glucose tolerance, it is not clear whether they actually ameliorate insulin resistance [7] . The thiazolidinediones are the only new class of agents that have actually been shown to increase insulin sensitivity in insulin-resistant animals [8] , but few of these drugs have been evaluated clinically. Using one of our lipid lowering agents [9] as our starting point we screened compounds of a similar chemical class which led us to the identification of a new compound, $15261 (Fig, 1 ).
This present study describes the effects of $15261 on glucose tolerance and metabolism, insulin resistance, and blood pressure. We used the ageing Sprague-Dawley rat as our animal model since these rats are overweight, hypertriglyceridaemic, hypercholesterolaemic, glucose intolerant and insulin resistant [10] [11] [12] . In addition, we have recently shown that these animals are mildly hypertensive [13] .
Materials and methods
Animals. Male Sprague-Dawley rats (Charles-River, Evreux, France) were purchased at 3 months of age and raised in our laboratories until a year of age. They were maintained at a constant temperature (21 ~ with a 12-h artificial light cycle (07.00-19.00 hours). The animals had free access to water and standard laboratory chow (AO3, UAR Laboratory Chow, Epinay, Villemuisson, France).
We have previously observed that the level of insulin resistance and dyslipidaemia in these animals differs if they are purchased at i year of age or if they are raised in our laboratory and fed ad libitum for 7-12 months. The use of "maintenance" diets probably decreases, delays or prevents the onset of insulin resistance (Duhault and Boulanger, unpublished observations).
Rats of 3 months or 1 year of age, weighing on average 350 and 800 g, respectively, were accustomed to manipulation by daily gavage with gum tragacanth (20 %) for two weeks prior to drug treatment. Body weight was measured daily. All experimental procedures were approved by the Comit6 d'Ethique de l'Institut de Recherches Servier.
Biologicalparameters. Glucose, lactate, triglycerides, and cholesterol were measured in a COBAS Mira S analyser (Roche Diagnostic Systems, Neuilly-sur-Seine, France) according to the manufacturer's instructions. Insulin was measured by radioimmunoassay using a Phasedeph kit (Kabi Pharmacia Diagnostics, St. Quentin-en-Yvelines, France).
trifluoromethyl-benzene (Fig. 1) . $15261 was administered in J. Duhault et al.: New treatment of insulin resistance gum tragacanth (20 %) twice daily (10,00 and 16.00 hours), at the doses indicated in the text, for 2 weeks. Control animals received gum tragacanth alone.
Chronic study. On treatment day 13, the rats were anaesthetised with ketamine (Imalgene, 150mg/kg i.p.; Rhone Merieux, Lyon, France), a jugular catheter was implanted and a blood sample was obtained to measure triglyceride and cholesterol levels. On day 14 the rats were starved overnight (18 h ) and an IVGTTwas performed the following morning by glucose injection (500 mg/kg) followed by serial blood sampling for 30 min. The rate of glucose disappearance (Ko) during the IVGTTis the slope of the decrease calculated by mean square deviations.
Portal infusion. Ten days before the study, rats were anaesthetized with ketamine. Silastic catheters (0.20 mm internal diameter) were then positioned in the hepatic portal vein [14] for subsequent infusion of $15261 or control solutions. Each rat was fitted with a cardiac catheter 2 days prior to the study. Animals were fasted during the 18 h preceding the study, which was undertaken in two phases: phase 1, consisting of a 1-h portal infusion with saline (0.9 % NaC1) on day zero; and, after 3 days (during which the animals were fed ad libitum), phase 2, comprising a 1-h portal infusion of $15261. These portal infusions were conducted between 09.00 and 11.30 hours in free-moving animals, and delivered at a constant rate of 0.035 ml/min (Braun spring pumps, Roucaire, Velizy, France) providing total doses of $15261 of 15, 30, and 45 vg/kg per h. During each of the two phases an IVGTTwas performed, as above, 30 min after beginning the portal infusion. The portal infusion was maintained 30 min after the administration of the glucose load.
Glucose clamp. The rats were anaesthetised with pentobarbital (40 mg/kg, i. p.) 4 days prior to the study and underwent surgical placement of a heart catheter (polyethylene tubing 0.58-ram internal diameter, Biotrol ED 3403; Biotrol, Paris, France) via the jugular vein, for insulin and glucose infusion, and a left carotid artery catheter for glucose sampling. Food was removed 5 h before the study. A euglycaemie, hyperinsulinaemic clamp was performed in freely-moving animals according to previously-described procedures [15, 16] with minor modifications.
Hepatic glucose production was assessed by a bolus injection of 3 ~tCi of 3-3H-D-glucose (NEN, Les Ulis, France), as described by Kergoat and Portha [17] , and is expressed in ~tmol-kg -a, rain -1. Total Ra was calculated using Steele's equation [18] . The exogenous GIR is expressed as vmol. kg -~ . rain -~. SSIL are the mean of plasma insulin concentrations (nmol/1) measured at 60, 70 and 90 min after the beginning of the insulin infusion. Insulin clearance rate is expressed as ml. kg 1. min-1, and was calculated according to De Fronzo et al. [19] .
Blood pressure measurement. Conscious animals were placed in plexiglass cages 30 min prior to the study, maintained at ambient temperature, and allowed to move freely. Mean blood pressure (mm Hg) was measured by means of a carotid catheter with a P10-EZ gauge and a Gould recorder (both from Gould Electronique, Ballainvilliers, France).
Enzymatic and metabolite determinations. Hepatic glycogen content was measured as described by Van de Werve et al. [20] . Glycogen phosphorylase and glycogen synthase activities were measured by the method of Golden et al. [21] ; hexokinase and glucokinase activities were measured as described by Van Schaftingen [22] . In vitro studies. Pancreatic islets of Langerhans were isolated and incubated as described previously [23] .
Statistical analysis
Data are presented as the mean + SEM and were analysed by two-way ANOVA followed by unpaired Student's t-test.
Results
Animals. The data presented here confirm that ageing Sprague-Dawley rats had elevated fasting plasma insulin, triglycerides and cholesterol levels when compared to young controls (compare the first lines in Tables 1 and 2 ). In addition, they were insulin resistant -as revealed by a decreased K o during an IVGTTand mildly hypertensive [12] . No obvious behavioural anomalies or other secondary effects were observed during treatment with $15261. Chronic treatment with the drug for 2 weeks resulted in a dose-dependent decrease in body weight in ageing animals (Table 1) which was not observed in young rats. At the highest dose, ageing rats lost approximately 3 % of body weight by the end of the treatment.
Biological parameters. Treatment of ageing SpragueDawley rats with $15261 for 2 weeks led to dose-dependent decreases in plasma insulin (from 174 pmol/1 to 99 pmol/1), triglycerides (189 to 120 mg/dl) and cholesterol (1.9 to 1.5 mmol/1) levels (Table 1) . There was also a small but statistically significant reduction in plasma glucose (from 5.3 to 4.6 mmol/1) at the highest dose of the drug. The compound had no effect on plasma lactate levels, even at the highest doses tested (controls: 1.9 + 0.1 mmol/1 vs $15261:1.6 + 0.2 mmol/ 1). In young rats the compound had no effect on any of these parameters, except for a reduction in plasma triglyceride levels (from 91 to 65 mg/dl) ( Table 2) .
Glucose tolerance tests
Systemic. Chronic treatment of ageing rats with $15261 resulted in a dose-dependent increase in the K o during an IVGTT (Table 1) , thereby demonstrating an improvement in glucose tolerance. Treatment with $15261 dose-dependently decreased basal insulin levels (down to a 43 % reduction at 2.5 mg/kg) and increased peak response to the glucose challenge, the latter reaching 348 % relative to basal levels during the IVGTT at the dose of 2.5 mg/kg compared with 150 % in untreated animals (Table 3) . Moreover, a return to basal plasma insulin levels 28 min after the glucose challenge, which was absent in old untreated rats, was observed in the treated animals. Time (min) Fig. 2 a-e. Effect of an intraportal infusion of $15261 on the insulin secretory response to an IVGTs The results are the mean + SEM for 5--6 rats (see Table 4 for details), where each animal serves as its own control. The control infusion was 0.9 % NaC1 (--). The concomitant K a values are given in Table 4 Broken lines indicate $15261 groups; a 0.015 mg. kg -1. h -1, n = 5; b 0.030 mg 9 kg -1 -h -1, n = 6; c 0.045 mg 9 kg -1 . h -z, n = 6 addition the pancreatic response to the glucose challenge was also improved (Fig. 2) , showing a faster return to baseline levels. Therefore, the effects of $15261 on glucose tolerance observed following chronic treatment can also be shown when the compound is given intraportally to naive animals.
Portal administration. In order to examine whether the peripheral action of S15261 was focused on the liver we conducted glucose tolerance tests by portal administration of the compound. At weak doses (15-45 ~tg -kg -1 -h -1) $15261 resulted in dose-dependent increases in the K c during the IVGTT (Table 4 ). In
Glucose clamp. A euglycaemic hyperinsulinaemic clamp was performed following 2 week treatment of ageing rats with $15261. The data presented in Table 5 demonstrate an improvement in insulin sensitivity with the drug. Thus, the GIR required to maintain euglycaemia was increased by 20 %, showing an increase in glucose metabolism. SSIL achieved during administration of 24 mU. kg -1 9 min -1 decreased by 15 % in the drug-treated group. Basal hepatic glucose production and insulin clearance rate were unchanged. These data demonstrate that treatment with $15261 results in an increased peripheral sensitivity to insulin.
Glycogen metabolism. In order to identify the potential molecular mechanisms for the metabolic effects of S15261, and given the improvement in glucose tolerance observed by portal administration of the drug, we examined hepatic glycogen metabolism following 2 weeks of treatment (Table 6 ). Total glycogen levels were not altered following the treatment with $15261 and glycogen synthase activity was also unchanged. In contrast, a decrease of 25 % in the active form of glycogen phosphorylase without a change in the total activity was observed. No changes were observed in glucokinase activity. Blood pressure. In order to test the hypothesis that $15261 may be useful therapy for the overall features of the insulin resistance syndrome, we tested the effects of chronic treatment on mean arterial blood pressure (Table 7) . We have recently shown that ageing Sprague-Dawley rats exhibit mild hypertension, reaching a difference of 25 mmHg when compared with young controls [12] . Treatment for 2 weeks with $15261 resulted in dose-dependent decreases in basal arterial blood pressure (8 % at 2.5 mg/kg twice per day (p < 0.05) and 11% at 12.5 mg/kg twice per day (p < 0.01)). $15261 was devoid of any hypotensive activity when administered acutely either orally or intravenously (data not shown).
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Studies on the mechanism of action ofS15261
Effects of acute administration of $15261. An acute administration, either orally or intravenously, of $15261 had no effect on plasma glucose and insulin levels even at high doses. Thus, at the dose of $15261 of 10 mg/kg given intravenously, plasma glucose levels Islets were prepared as described in the Methods section and incubated in the presence of glucose at the concentrations indicated. S15261 was dissolved in dimethylsulphoxide to a final concentration of 1% in the incubation media. Control incubations ("None") also included 1% dimethylsulphoxide. Insulin secretion is given as pmol -islet -1 . h-< Data are presented as means + SEM for 6-8 observations serotoninergic, dopaminergic, opioid or excitatory amino acid receptors (data not shown).
Insulin secretion in isolated islets of Langerhans.
In islets isolated from normal Sprague-Dawley rats previously untreated with the drug, $15261 had no effect on insulin secretion (Table 8) .
Receptor binding profile of $15261. $15261 does not appear to show any specificity for a-or fl-adrenergic,
Discussion
Insulin resistance appears to be a common underlying feature of hypertension, impaired glucose tolerance, obesity and diabetes. Drugs used to treat these conditions have different effects on insulin resistance. In searching for drugs that could be used as an overall treatment of the insulin resistance syndrome (i. e. act upon several of the features of the syndrome) we identified the compound presented in this paper. $15261 does not belong to any of the classes of agents currently under study for the treatment of insulin resistance. It is not a thiazolidinedione derivative, nor a biguanide. Indeed the compound had no effects on plasma lactate levels. Although other compounds have also been studied, $15261, has proved to be a leading example of its class.
In the present study we have used ageing SpragueDawley rats as a model of the insulin resistance syndrome. The characteristics of the syndrome presented in our animals -hyperlipidaemia, hyperinsulinaemia, decreased glucose tolerance, decreased insulin sensitivity and mild hypertension -are the same as those described in humans. This cluster of changes is not inherited and may be a consequence of increased body weight, changes in body fat composition and/or physical inactivity. Whilst rats may become insulin resistant with age, few become spontaneously diabetic. This is in agreement with the hypothesis that the onset of diabetes requires both insulin resistance and a defective insulin secretory response. We have observed in the past that some of our elderly rats do indeed become spontaneously diabetic, but the incidence is very low (less than 4 %) (Duhault, Boulanger and Ravel, unpublished observations).
The effects of S15261 on glucose tolerance were observed 24 h after the last administration of the drug, and therefore must represent a long-term normalization of glucose metabolism induced by the compound. The improvement in glucose tolerance and the lowering of triglyceride levels following the treatment with $15261 seemed to be related, since they were observed even at doses of the drug that had no effect on other parameters. The increase in glucose tolerance correlated with an improved pancreatic response to glucose, and an increased peripheral insulin sensitivity, which could be related to an increase in peripheral glucose metabolism.
The physiological mechanisms responsible for the effects of $15261 on chronic administration are therefore not related to body-weight loss which was only observed at the highest dose. It was also at this dose that a mild decrease in plasma glucose was observed. We therefore suggest that two separate events are observed during chronic administration of S15261. On the one hand, at low doses the compound decreases circulating triglycerides and improves Ko, whilst, on the other hand, at much higher doses different mechanisms take place leading to body-weight loss and other metabolic effects.
In order to assess whether the compound had acute metabolic actions in vivo we investigated the effects of $15261 when administered by an intraportal route to young animals. The compound produced an increase in glucose disposal rates and an improved insulin secretory response, as had been observed following chronic administration. These data suggest that the metabolic effects of $15261 are not related to the reduction in body weight observed in treated animals.
The mechanism action of $15261 is unknown. We have attempted to address this issue in a variety of ways. Firstly, $15261 does not alter insulin secretion in vivo, whether it is following chronic or acute administration. Furthermore, in in vitro studies in islets isolated from normal rats, $15261 did not stimulate insulin secretion either. We would therefore argue that the primary effect of the drug is not located in the pancreas.
Secondly, the data obtained from the euglycaemic clamp showed no effects of the drug on HGR thus suggesting that a hepatic site of action of the drug is unlikely. Moreover, no maj or changes in the activity of key hepatic enzymes regulating glucose and glycogen metabolism were observed. It is difficult to interpret the physiological relevance of a minor change in the active form of glycogen phosphorylase since the percentage active form was unchanged.
However, the effects of an intraportal administration of S15261 on glucose metabolism and the pancreatic response during an IVGTTare of great interest in this context. In the absence of hepatic effects of the drug on chronic administration, the data on intraportal administration must therefore be interpreted in terms of either insulin clearance (no effect under the clamp), fatty acid oxidation (not measured) or eventual effects on neurotransmitter control of hepatic glucose metabolism and/or insulin secretion. To this end we assessed the receptor binding profile of S15261. The absence of any specificity for c~-or t3-adrenergic, serotoninergic, dopaminergic, opioid or excitatory amino acid receptors suggests that other systems, which we have not as yet identified, must be implicated in the molecular site of action of $15261.
Thirdly, since there was an improvement of 20 % in peripheral sensitivity to insulin without any modification of hepatic glucose metabolism, an improved sensitivity of skeletal muscle and/or adipose tissue to insulin is an obvious possibility. These data coupled to those obtained during the intraportal infusion of the compound suggest that S15261 may stimulate glucose uptake in peripheral tissues. Studies on the effect of $15261 on insulin sensitivity in adipose tissue and skeletal muscle in vitro are underway.
It is most important to point out that the effects of $15261 to improve insulin resistance are revealed primarily following chronic administration, and that, as far as plasma glucose and/or insulin levels are concerned, the drug appears inactive after acute administration in vivo. In this context the data obtained in young animals following chronic administration are interesting, as they only revealed a decrease in plasma triglyceride levels. It is not inconceivable that the pri-mary site of action of $15261 under chronic adminis-9 tration is lipid turnover, and that the improvement in insulin resistance is a consequence of these changes coupled with a potential stimulation of glucose uptake. Experiments to evaluate this hypothesis need to be undertaken. Chronic treatment with $15261 resulted in a normalization of blood pressure in the ageing SpragueDawley rats. We believe this is likely to be the result of both changes in body weight and plasma insulin levels, and thus related to the overall improvements in the metabolic parameters.
In summary the activity of $15261 to increase insulin sensitivity and decrease body weight, plasma lipids, plasma insulin and normalize blood pressure suggests that this compound could be of benefit in the treatment of patients with insulin resistance.
